Introduction
The social progress of humankind is highly related to the utilization of energy. Since the industrial revolution in 1850, the fossil fuels energy consumption has increased dramatically, in the forms of coal, oil, and gas. [1] On one hand, the energy security concern is on the horizon due to the overusing of the non-renewable energy sources. On the other hand, the use of fossil fuels has resulted in carbon dioxide (CO2) emission that is believed to contribute to increasing of the global temperature. [2] Therefore, the urgent developments of suitable and renewable carbon-free or low-carbon energy technology are needed. Hydrogen (H2) is considered a promising bridge between the power generation plants and end-users for mobile applications. In combination with lower-temperature proton-exchange membrane fuel cells, H2 can be efficiently converted into electricity, producing only water (H2O) as a byproduct. [3] However, the practical use of H2 is limited due to the associated issues in delivery and storage. [4] In this regard, formic acid (FA) has gained much attention because it is convenient to ship and store, and it has a high volumetric hydrogen content 53 g-H2/L under ambient conditions. [5] The decomposition of FA proceeds via two main pathways: (A) decarboxylation/dehydrogenation resulting in CO2 and H2 and (B) decarbonylation/dehydration resulting in carbon monoxide (CO) and equivalent H2O (Scheme 1). FA can be selectively decomposed to pressurized H2/CO2 using an appropriate homogeneous or heterogeneous catalyst. The most important requirement of an FA dehydrogenation catalyst is that it must be highly selective for the production of H2 and CO2 and should not catalyze the formation of CO through dehydration as it would poison the fuel cells. Thus far, a large number of efficient heterogeneous [6] and homogeneous [7] catalytic systems for FA dehydrogenation have been reported. Although heterogeneous catalysts are best known for easy separation and recycling, [6b] homogeneous catalysts are generally more efficient and highly selective. The best performances for FA dehydrogenation were achieved using homogeneous metal catalysts such as Ir [8] , Ru [9] , Rh [10] , and Fe [11] complexes. Since there was no unified standard to evaluate the potential of catalysts in practical usage, we have proposed the concept of CON and COF, the dimension-free key parameters based on TON and TOF for normalizing catalysts performance and costs. [5i] In this review, the recent advances of homogenous catalysts for FA decomposition will be summarized, focusing on the complexes with a different type of ligands. Moreover, some of these representative catalysts will be evaluated by our assessment system of CON/COF. Conclusive remarks will be provided on future challenges and opportunities.
2.
The advent and development of homogeneous FA decomposition reactions
The first description of FA dehydrogenation was reported by Coffey in 1967. The result showed that IrH2Cl(PPh3)3 gave the best TOF of 1187 h -1 at an elevated temperature over 100°C during the decomposition process. [12] In 1982, Paonessa and co-workers published a platinum dihydride complex (PtH2L2; L=PEt3) for the FA dehydrogenation, and the process was strongly influenced by the solvent and sodium formate. [13] In 1996, Noyori and co-workers developed the prototype [Ru( 6 -arene)(N-tosylated 1,2-diamine)] complexes for the transfer hydrogenation reaction in the presence of FA/ triethylamine(5:2). [14] In 2000, the Puddephatt group reported extensive studies on the use of a diruthenium catalyst [Ru2(µ-CO)(CO)4(µ-dppm)2] for the conversion of FA to H2 and CO2 and hydrogenation of CO2. [15] As early as 1979, FA was also used as a H2 donor for the rapid removal of benzyl-type protecting group from peptides via transfer hydrogenation. [16] In 2003, Himeda and co-workers demonstrated a half sandwich Rh(III) complex of [Cp*Rh(bpy)Cl]Cl, (Cp* = pentamethylcyclopentadienyl, bpy = 2,2-bipyridine) for reduction of ketones where FA was used as the H2 donor. [17] Wills and coworkers also focused on this strategy of using FA as the H2 source for asymmetric transfer hydrogenations reaction in the presence of Ru(II) complex with a tethered ligand. [18] Although these reports for utilization of FA came with moderate activities, these discoveries pave the way towards the development of more efficient homogeneous catalysts for the FA dehydrogenation.
It was not until 2008 that FA started to gained more attention after independent works by Beller and Laurenczy. Various Abstract: Formic acid (FA) has been extensively studied as one of the most promising hydrogen energy carriers today. The catalytic decarboxylation of FA ideally leads to the formation of CO2 and H2 that can be applied in fuel cells. A large number of transition-metal based homogeneous catalysts with high activity and selectivity have been reported for the selective FA dehydrogentaion.
In this review, we discussed the recent development of C,N/N,Nligand and pincer ligand-based homogeneous catalysts for the FA dehydrogenation reaction. Some representative catalysts are further evaluated by the CON/COF assessment (catalyst on-cost number)/(catalyst on-cost frequency).Conclusive remarks are provided with the future challenges and opportunities. catalysts were widely investigated by the Beller group under mild reactions with the evolution of H2 and CO2. The catalytic activity could be increased significantly in the presence of some adducts such as Et3N. [9b, 9c, 19] The influence of different phosphine ligands on catalytic activity and durability was studied, [9c, 19] which provided insights on the specific electronic and steric environment for the stabilization of the metal center. [Ru(H2O)6] 2+ or commercial RuCl3·xH2O coordinated with two equivalents of meta-trisulfonated triphenylphosphine (mTPPTS) could selectively decompose FA to H2 and CO2 (1:1). The activity can be increased by additional HCOONa (SF) to the aqueous FA solution (FA/SF=9:1). [9a, 20] In particular, Ru catalyst system 1 (Scheme 2) allows continuous FA dehydrogenation to CO2/H2 to give a TON over 1 million. [9g] Laurenczy et al. reported an aqueous catalytic system of FA/SF by a Ru complex 2 with a water-soluble phosphine ligand tppts (tris(3sulfontophenyl)phosphine) to give a TOF of 460 h -1 at 120 °C (Scheme 2). [9a, 21] With continuous feeding of FA, a total TON of over 40 000 was obtained, and the gas was produced up to 750 bar in a closed system. The plausible mechanism suggested that the formate was firstly coordinated to the Ru center, and a stable [Ru(H)(H2 2 CO2)(tppts)3 hydride elimination. Protonation to form a H2 intermediate proceeded with the releases of H2 to complete the catalytic cycle. [22] They also investigated a series of water-soluble phosphine ligands in the dehydrogenation of FA such as oligocationic, and ammoniomethyl-substituted triarylphosphines Ru catalysts. [23] The TOF of 1950 h -1 was received under the Ru complex supported by tppts with the ratios of 2:1 and 3:1 at 120 °C. Moreover, the system of tppts/Ru (2:1) could continue to work over 10 hours at 90 °C providing a total TON of 10,000. The Laurenczy group further investigated Ru(II) and Ru(III) metal precursors supported by various sulfonated phosphines with monodentate aryl and specific tetrasulfonated diphosphines and identified that higher basicity and -donating ligands showed better FA dehydrogenation activity. [9i] Subsequent studies by Himeda, Fujita and co-workers described plenty of water-soluble catalysts, like Ir, Ru, Rh complexes with bipyridine moieties. [8b, 8d, 8f, 8n, 8s, 24] The detail of theses catalysts with N, N-type ligand will be discussed in section 3. In 2011, Nozaki introduced an Ir-PNP complex to demonstrate the reversible FA dehydrogenation providing TOF of 120,000 h -1 in tert-butanol during the first minute at 80 °C. [8a] A great number of catalysts bearing pincer type ligands were also investigated in the selective FA decomposition under different conditions. [9h, 9m, 9q, 9r, 11d, 11e, 11g, 25] These studies are described in section 4.
Keywords
Many noble metals catalysts give outstanding performances for FA decomposition. Meanwhile, several complexes containing earth-abundant metals have also been developed. [11, 25b, 26] In 2009, the catalytic performances of different nonprecious metal chlorides, such as Fe, Co, and Ni, are reported by Wills in FA/Et3N at 120°C. [26b] Beller reported in situ catalysts formed from Fe3(CO)12, pyridine or 1,10-phenanthroline, triphenylphosphine, which could decompose FA to H2/CO2 (1:1) with the observed TON of over 100 under visible light irradiation at room temperature. [11b] In 2011, another in situ iron catalytic system for FA dehydrogenation was demonstrated in propylene carbonate without additives or light to provide a TON of 100,000 and TOF nearly 10 000 h -1 without any CO released. [11c] Both the kinetic measurement and the DFT -hydride elimination of the Fe formate complex for the release of CO2 is the rate-determining step. In 2014, more extensive studies were conducted on the iron-catalyzed system in which the active catalytic species were formed in situ from different cationic Fe II /Fe III precursors in the presence of PPh3. The results suggested that the activity of catalytic system was highly associated with the solvent, the water content, and the ligand-metal ratio. Accordingly, the best TON of 8117 was obtained by using [FeH(PP3)]BF4/PPh3 in propylene carbonate with trace water. [27] More recently, hexanuclear copper hydride complex 3, [Cu6 3-H)2(meso-L4 )3(RNC)4](PF6)4 (R = t Bu), was developed by Tanase and co-workers for FA dehydrogenation (Scheme 3). [26g] This Cu complex [Cu(CH3CN)4]PF6 coupled with t BuNC (2 eq) and NEt3 (0.4 eq) provided a TON of 1500 per Cu at 70 °C for 8 h. Although the intention is to use cheap copper metal to reduce costs, the complicated ligands also increase the over cost of the entire catalyst. The economic efficiency of this system will be analyzed by CON/COF in section 5.
Neat FA decomposition gains attention because it allows the maximum use of FA at its full volumetric capacity. This can also directly produce high-pressure H2 under very acidic conditions.
-NP complex 4 (Scheme 4), which can continue to work up to 4 months and provide a TON of 2,160,000 under the neat FA condition. [8j] Fischmeister and coworkers also reported an iridium complex with Cp*(dipyridylamine) ligand to selective decompose aqueous and neat FA under the base-free conditions to give TOF of 13,292 h -1 at 100°C. [8t] More discussions will be provided in section 3. More recently, they also developed a monometallic phenylpyrazolyl organoiridium complex containing a protonresponsive carboxylic acid for FA dehydrogenation, with an optimal TOF of 1880 h -1 at pH 2.8 at room temperature. [28] After the introduction of Cp* ligand as an electron-donating group, different electron-donating functionalities such as OH, OMe, and Me to bipyridine ligands were employed in this type of catalysts 5, [(CnMen)M(4,4'-R2-BPY)Cl] + group (Scheme 5). [10b, 17] The chloro ligand of these complexes could readily go through water ligand substitution in aqueous solutions to give the corresponding aqua complexes. Moreover, when the solution pH was increased from 5.0-6.0, hydroxyl substituted bipyridine ligands are deprotonated. [29] Such diamine ligands containing pyridinol moiety are widely recognized as proton-responsive ligands with pH-switchable properties. [30] Furthermore, the polarity and electron-donating ability could be modified, tailoring the watersolubility and catalytic activity of the complexes. [31] Complexes with OH moieties are particularly of interest. In 2012, Himeda, Fujita and co-workers reported another pHdependent iridium-bipyridine dimer catalysts bearing four hydroxyl groups with a TOF 12,000 h -1 at 60 °C under the base and additivefree conditions. Moreover, the improved TOF of 31,600 h -1 was obtained in the FA/SF(1:1) aqueous solution. [8b] The reason for the significant increase in catalyst activity was proposed to be attributed to the strong electron-donating effect of aryloxide anions. The activity of catalyst [Cp*Ir(4-DHBP)OH2] 2+ (4-DHBP: 4,4dihydroxy-2,2 -bipyridine) with hydroxyl substituents at 4 and 4' positions showed 90 times higher activity than that of its unsubstituted analog [Cp*Ir(bpy)OH2] 2+.[24a] Imidazole, pyrazole, and imidazoline ligands with electrondonating properties were also introduced in the Cp*Ir system. [8f] Himeda, Fujita and co-workers also reported an iridium biimidazole complex with a TOF of 34,000 h -1 at 80 o C in water without bases and additives. [8f] The electron-donating ability of azole ligands is sufficient for activating the catalyst in the FA decomposition. Complexes supported by OH substituted bipyridine ligands again offer more opportunities to tune activity under different pH conditions. The markedly different performances were found among the complexes [Cp*Ir(6-DHBP)OH2] 2+ (6-DHBP: dihydroxy--bipyridine), [Cp*Ir(TH4BPM)OH2] 2+ (TH4BPM: -tetrahydroxy--bipyrimidine) and [(Cp*IrCl)2(THBPM)] 2+ (THBPM: 4,4 ,6,6 -tetrahydroxy-2,2 -bipyrimidine) with all OH group at the ortho position. [8b, 24d] The best performance of using [(Cp*IrCl)2(THBPM)] 2+ . It was proposed that the deprotonation of OH groups on the ligands and the ionization of FA occurred at higher pH values of the solution. The deprotonation of OH groups helps to generate more electron-donating Oat a higher pH, which may improve the catalytic activity of complexes 6 (Scheme 5). [24d] Meanwhile, different substituted groups may suggest different catalytic mechanisms. In general, the catalytic cycle (Scheme 6) starts from the formation of formate complexes followed by the release of CO2 via -hydride elimination to form the Ir-H species. The production of H2 from the reaction of Ir-H and proton proceeds to regenerate the active species. [24e] It is noteworthy that in order to achieve a goal for practical application, Kawanami and Himeda designed an iridium complex 7, [Cp*Ir(PHEN-diol)H2O]SO4, which can continue work 2600 hours to give a TON of 5 million (Scheme 5). [8l] group reported a well defined bifunctional Cp*IrCl(N^C) complex 8 bearing cyclometallated 2-arylimidazoline ligands for FA dehydrogenation in the presence of Et3N, providing the initial TOF of 147,000 h -1 at 40°C for 10 seconds without CO formation (Scheme 7). [8c] Mechanistic studies suggest Scheme 5. Selected prototype catalysts reported by Scheme 6. General mechanism for FA dehydrogenation by 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 the long-range metal-ligand cooperation between FA and the distal NH functional group from the imidazole moiety. The subsequent [32] corroborated the reaction mechanism involving two FA molecules, where one acts as a H2 source, and the other participates as a proton shuttle to favor the long-range activation (8-TS, Scheme 7). a new iridium catalyst 9 bearing an N,N'-diimine ligand for the FA dehydrogenation (Scheme 8). [8i] Different from the previously reported iridium catalysts with aromatic bipyridine, bipyrimidine, and biimidazole ligands, the N, N'-diimine ligand was used in this system to achieve a TOF of up to 487,500 h -1 ( 90 °C) and an unprecedented TON of 2,400,000 (80 °C). The conjugated diimine ligand showed desirable properties, [33] such as air-and water-stability. Moreover, the electron-donating ability could enhance the catalytic activity. [34] Within a short induction period, the pre-catalysts can be rapidly converted to monomeric active species [Ir-catalyst-HCO2 -]. When pure FA was used, no dehydrogenation reaction could be observed, due to the absence of hydronium ion or/and HCOO -. KIE experiments for complex 9 showed that the formate is involved in the rate determining step (RDS). As the Ir-H was not detected in the acidic solution by NMR, the generation of Ir-H is proposed to be the RDS in the catalytic cycle. In 2018, Li continuously developed another new type of diaminoglyoxime derived iridium catalyst (10) to reach a TON of 5,020,000 at 70 °C for the FA dehydrogenation. It is worth noting that these robust catalysts can be prepared in situ from the Ir precursor and dioxime ligands without any purification. [8r] The Huang group also reported a ruthenium complex (11) bearing 6 )p-cymene, chloride, and N, N'-diimine ligands (Scheme 8). [9l] The best TOF of 12,000 h 1 was reached in the first 10 minutes at 90 °C with an SF/FA ratio of 5. No CO was detected during the FA dehydrogenation process, even under pressurized conditions (>260 bar). In addition to the excellent selectivity, the catalyst could continue to work for over 35 hours, reaching a TON of 350,000. A rhodium complex (12) containing the 2,2biimidazoline ligand and Cp* ligands was also prepared and examined for the FA dehydrogenation as suggested by the initial DFT screening. [10g] Although complex 12 provided a higher TOF of 20,000 h -1 at 90 °C under the optimized FA/SF ratio than that of Ru 11 as predicted, the catalyst decomposed quickly and rearranged to an inactive species containing a Rh2H2 core bridged by an ligand based on the NMR and HRMS analysis. It was concluded that while DFT guided design of new catalysts is a very powerful tool, cautions should be paid.
Since the commercial FA sources usually contain 5-15% of water, the high activity and good stability of the water-soluble catalysts with N, N or N, C-type ligands make H2 generation from FA more feasible for potential applications. These N, N or N, C-type ligands work very well with precious metals, but the cost of these metals may limit the practical usage in a large scale. How to balance the efficiency and cost should be considered further. More discussions will continue in section 5.
Catalysts with a pincer-type ligand
Recently, various metal complexes supported by pincer ligands were reported to show high activity in the selective FA decomposition. In 2011, Nozaki and co-workers first investigated the PNP-ligated iridium trihydride complex 13 dehydrogenation behavior in the idea of reversible H2 fixation, and the H2 gas was measured by water replacement to provide a TON of 890 (Scheme 9). [8a] As the hydrogen transfer of ketones was demonstrated using the Ru-PN 3 (P) pincer complexes, [35] it was not a surprise that the FA dehydrogenation could also proceed. [9m, 9r, 36] This well-defined PN 3 -Pincer Ru catalytic system (14) can efficiently and selectively liberate H2 from FA under mild conditions without CO and reached a TOF of 7,000 h -1 and a TON more than 1.1 million during a long lifetime over 150 hours. [9m] Mechanistic studies suggested the imine arm participates in the FA activation via deprotonation/reprotonation step, [9t] and the N-H arms may play a role to enhance the stability. [8q] It is worth noting that this Ru catalyst can be even used for the production of high-pressure H2 in the presence of organic solvents. The highest pressure of 20 Mpa can be achieved when using 1,4-dioxane as solvent at 80 °C. [37] The first self-sustained FA-based H2 fuel cell electricity generating device was developed by Huang and Zheng accordingly in 2015. [38] In 2013, the PNP-Fe complex 15 was employed to efficiently and selectively catalyze the group, giving the activity in 1,4-dioxane of TOF=653 h -1 at 40 °C in the presence of Et3N. A TON of 100,000 was accomplished in ten days. [11d] In 2014, the PNP-Re analog 16 was reported by the same group showing the catalytic dehydrogenation behavior under basefree conditions. [25a] The isotope experiments were carried out to explore a possible reaction mechanism, suggesting that FA protonates the dearomatized PNP-Re (cis-[Re(PNP t Bu)(CO)2]) to generate the formate complex cis-[Re(PNP t Bu)(CO)2(OOCH)] (16) Scheme 8. groups Scheme 9. Selected pincer-type catalysts reported for FA dehydrogenation   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 which subsequently undergoes decarboxylation and dehydrogenation to produce H2 and CO2.
In 2014, Pidko and co-workers investigated FA dehydrogenation using complex 17, [Ru(PNP t Bu)H(CO)Cl]. The optimized conditions with the trihexylamine as additive was employed in DMF to offer a high TOF of 256,000 h -1 and a TON of 706,500 at 90 °C without any CO formation. Interestingly, when DBU was used, the TOF decreased dramatically to 93,100 h -1 . [9h] With continuous feeding of FA at 90 °C, both DBU and Et3N could assist the H2 formation. It was proven that the temperature (65-90 °C) is the key to controlling the reaction rate in the presence of DBU, showing first order kinetics on the FA concentration. In the presence of a weaker base, NEt3, the release of H2 through the reaction of a metal-hydride intermediate and a proton was favored compared to the C-H bond cleavage of the formate group. However, with the stronger base, DBU, the initial base-assisted H2 process is rate-limiting. This catalytic system holds a promise for the development of H2 storage, an integrated and compact 25 kW FAto-power system was developed recently. [39] Hazari and Schneider reported PNP iron complex 18 of Fe( R PNHP) ( R PNHP = HN[CH2CH2(PR2)]2; R = i Pr) in dioxane. [11e] The presence of Lewis acid (LA) interacted with the proposed active iron formate species provided the high of 196,700 and a TON of 1 million at 80°C in 9.5 hours. However, these high TONs can only be realized at low catalyst loadings (0.0001 mol%), limiting its potential in the practical applications.
19 to expand the scope of pincer ligand by using phenyl-substituted bis(imino)pyridine ligands to achieve a high initial TOF of 5,200 h -1 in THF using a 5FA/2Et3N substrate at 65 °C. [26d] According to the analysis of NMR, IR, and X-ray, a plausible mechanism was proposed to proceed via an Al-(OOCH)2 species (unlike other monoformate intermediates) followed by -hydride elimination and FA-enabled protonation (Scheme 10). Further insights about these mechanistic pathways have been scrutinized computationally by Yu and Fu. [40] -based PCP pincer complex 20 for the FA decomposition to CO2 and H2 with the TON of up to 626 (Scheme 9). [25b] However, the efficiency is not as good as those of others complexes. [11d] The corresponding nickel hydride and nickel formate complexes were found to be the intermediates in the catalytic cycle.
In 2016, Gonsalvi and Kirchner also reported PN 3 P-Fe pincer complexes 21 for the FA dehydrogenation. [11g] The influences of various factors, such as bases, additives, temperatures and catalyst loadings were systematically studied. The results showed that the highest TOF of 2,635 h -1 and a full conversion were obtained with a low catalyst loading of 0.01 mol% in an aprotic solvent at 80 °C after 6 hours.
In 2017, Gelman and Schapiro investigated an aminefunctionalized Ir(III)-PC(sp 3 )P complex 22, which gave a TON of 500,000 and a TOF of 20,000 h -1 , respectively. According to the experimental and theoretical results, H2 is released by intramolecular metal-ligand cooperation via Ir-hydride and acidic remote functionality. [41] complex 23 that bearing a PCP and an N-heterocyclic olefin ligand. This catalyst can work both in water and under solvent-free conditions, demonstrating a TOF of 11,590 h 1 using a low catalyst loading of 0.001 mol%. [42] In 2019, PNP-Co complexes 24 catalyzed FA dehydrogenation in an aqueous solution was reported group. [43] It was demonstrated that the optimized system afforded a maximum TON of 7,166 by PNP-Co complexes. The carbonyl coordination to the cobalt center led to the deactivation of the catalyst. In contrast to the bifunctional out-sphere mechanism, [11e] the PNP-Co system showed that although N-H functional group was not directly involved in the H2 formation. While the N-H group can assist the elimination of Co-H via hydrogen bonding of N-, the team found the catalytic activity was improved by replacing N-H with N-Me in a PNP-Ru analog 24. [44] 5. The assessment of representative catalysts using the CON/COF system Some of the representative catalysts with different types of ligands mentioned above may be developed for practical usages in the dehydrogenation of FA. Specific technical requirements have to be met if they are used in a H2 fuel cell in electric vehicles. [5i] The parameters for considerations include the selectivity for the FA dehydrogenation, the activity of the catalyst (generally measured as the TOF at a given temperature, the lifetime of catalyst (typically characterized by TONs), and the cost of the catalyst. While the importance of these key factors are widely recognized, there was no relatively unified standard to evaluate different catalytic systems. We have thus proposed the concept of CON (eq 1), COF (eq 2, rFC(H2) = 0.713 mmol·(s·kW) 1 , Cs = and dservice (eq 3), to offer dimension-free key parameters with process-specifics based on TON and TOF for normalizing catalysts costs. [5i] Herein, eight Scheme 10. Suggested FA dehydrogenation mechanism Aluminium catalyst. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 homogeneous catalysts were selected for assessment under this evaluation system. The price estimation was based on the reference 5i. b An average over the catalyst lifetime.
The CON and COF analysis is summarized in Figure 1 . Catalysts 1 and 7 have potential for practical usage because they have high enough TONs, and therefore lower CONs, even though the costs per mole are higher for catalysts containing precious metals. However, due to the slow TOFs, they may be more suitable for stationary applications. While catalyst 3 uses cooper, the ligand is expensive, resulting in a final catalyst price even exceeding those of the precious metal complexes 1, 11, and 14. Its small TON of 1,500 thus makes it an unrealistic choice for FA dehydrogenation. Catalyst 12 is extremely unlikely to be used for practical applications due to the high price and low service miles. Ir catalyst 4 and Ru catalyst 14 both have reasonable CONs and COFs making them a good candidate as the catalyst for applications in transportation with fuel cells. Complex 18 has been discussed previously. [5i] While the cost factor CON is low enough, due to the requirement of a low catalyst loading (0.0001 mol%), the need for reactor volume to meet the H2 production rate is deemed too large to be practical. Figure 1 . Graphical representation for the selected catalysts evaluated by CON/COF system.
Challenges and Opportunities
FA has now been known and considered as a promising candidate for H2 energy carrier for H2 fuel cell applications. In principle, infrastructures for fossil fuels may be easily adapted for the FA distribution after minimum modifications against the corrosiveness issues. [5i] FA-based electricity generation has been demonstrated by several groups. For example, at the ICEF 2016, a 400 W model car that can carry 45 kg at a speed of 8 km/h was introduced to a formic acid workgroup by Huang and Zheng. [45] Laurenczy and co-workers also developed a power generator using FA as a H2 source providing 800W power output. [7a, 46] A scale-up system at 25 kW for a bus was also built by and the Pidko group. [39] From these contributions, utilization of FA can be conceived to play an important role in the future global energy scheme.
However, although the great potential is foreseen, there are still many challenges needed to be addressed before large-scale deployment is possible. For onboard applications, a moderate TOF of 5,000-10,000 h -1 is sufficient, so the search for more economic catalysts with high TON (multi-millions) should be continued. To be coupled with renewable or low-carbon energy sources to utilize the FA technology for energy storage and delivery, more energy efficient ways of formic acid production from hydrogenation or electrochemical reduction of CO2 are needed. Comprehensive techno-economic analysis employing the CON/COF factors shall assist the identification of a practical catalyst system. Engineering efforts have to be invested to examine the potential and limitation for future improvements. In summary, it is conceivable that FA dehydrogenation system can contribute to the hydrogen energy future and the journey just starts. It is time to transform the challenges into opportunities   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 
